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1
MAGNETIC MEMORY DEVICE AND
METHOD OF FABRICATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This U.S. non-provisional patent application claims prior-
ity under 35 U.S.C. §119 to Korean Patent Application No.
10-2013-0092688, filed on Aug. 5, 2013, in the Korean Intel-
lectual Property Office, the entire contents of which are
hereby incorporated by reference.

BACKGROUND

Example embodiments of the inventive concept relate to a
semiconductor device and a method of fabricating the same,
and in particular, to a magnetic memory (MRAM) device and
a method of fabricating the same.

Semiconductor devices are regarded as an important ele-
ment in the electronics industry because of their small-size,
multi-function capabilities, and/or low manufacturing costs.
In particular, there is an increasing need for high-density
nonvolatile memory devices with low power consumption.
Since magnetic memory devices are expected to satisfy the
aforementioned technical needs, there have been extensive
studies with respect to magnetic memory devices.

SUMMARY

Example embodiments of the inventive concept provide a
magnetic memory device with increased density and
improved reliability.

Other example embodiments of the inventive concept pro-
vide a method of fabricating a magnetic memory device with
increased density and improved reliability.

According to example embodiments of the inventive con-
cept, a magnetic memory device may include a selection
device, a lower electrode, which is connected to the selection
device to include a vertical portion and a horizontal portion, a
magnetic tunnel junction (MTJ), which is connected to the
lower electrode to include a fixed layer, a tunnel barrier, and
afree layer, and anupper electrode connected to the MTJ. The
vertical portion of the lower electrode has a top surface that is
higher than that of the horizontal portion and includes at least
first and second sides substantially parallel to each other and
a third side arranged at an angle with respect to the first and
second sides.

According to example embodiments of the inventive con-
cept, a magnetic memory device may include a plurality of
word lines, a plurality of bit lines crossing the word lines,
lower electrodes, which are arranged two-dimensionally
below the bit lines and on the word lines, and each of which
includes vertical and horizontal portions having different
thicknesses from each other, MTJs provided on the vertical
portions of the lower electrodes, respectively, and upper elec-
trodes provided on the MTlJs, respectively. The lower elec-
trodes may include first-type lower electrodes positioned
below odd-numbered ones of the bit lines and second-type
lower electrodes positioned below even-numbered ones of
the bit lines, and when viewed in plan view, centers of the
vertical portions of the first-type lower electrodes may be
overlapped with odd-numbered ones, respectively, of the
word lines, and centers of the vertical portions of the second-
type lower electrodes may be spaced apart from the odd-
numbered ones of the word lines.

According to example embodiments of the inventive con-
cept, a magnetic memory device may include a semiconduc-
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tor substrate having an impurity region, a lower electrode
electrically coupled to the impurity region, an MTJ connected
to the lower electrode, and an upper electrode connected to
the MTJ. The lower electrode has one portion whose top
surface is placed higher than a top surface of another portion
thereof, and the top surface of the lower electrode includes at
least first and second sides substantially parallel to each other
and a third side arranged at an angle with respect to the first
and second sides.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments will be more clearly understood
from the following brief description taken in conjunction with
the accompanying drawings. The accompanying drawings
represent non-limiting, example embodiments as described
herein.

FIG. 1 is a schematic diagram illustrating a magnetic
memory device according to example embodiments of the
inventive concept.

FIG. 2A is a plan view illustrating a portion of a cell array
of'a magnetic memory device according to example embodi-
ments of the inventive concept.

FIGS. 2B, 2C, and 2D are cross-sectional views taken
along lines A-A', B-B', and C-C', respectively, of FIG. 2A.

FIGS. 3A and 3B, respectively, are plan and perspective
views illustrating a lower electrode of the magnetic memory
device of FIG. 2B.

FIGS. 3C and 3D, respectively, are plan and perspective
views illustrating a lower electrode of the magnetic memory
device of FIG. 2C.

FIG. 4A is a plan view illustrating a modified example of
the lower electrode of the magnetic memory device of FIG.
2B.

FIG. 4B is a plan view illustrating a modified example of
the lower electrode of the magnetic memory device of FIG.
2C.

FIG. 5 is a plan view schematically illustrating MTJ
devices provided in a region M of FIG. 2A.

FIGS. 6 A through 10A are plan views illustrating a method
of fabricating a magnetic memory device, according to
example embodiments of the inventive concept.

FIGS. 6B and 7B are cross-sectional views taken along
dotted lines A-A' or B-B' of FIGS. 6A and 7A, respectively.

FIGS. 6C and 7C are cross-sectional views taken along
dotted lines C-C' of FIGS. 6A and 7A, respectively.

FIGS. 8B through 10B are cross-sectional views taken
along dotted lines dotted lines A-A' of FIGS. 8A through 10A,
respectively.

FIGS. 8C through 10C are cross-sectional views taken
along dotted lines dotted lines B-B' of FIGS. 8 A through 10A,
respectively.

FIGS. 8D through 10D are cross-sectional views taken
along dotted lines dotted lines C-C' of FIGS. 8 A through 10A,
respectively.

FIG. 11 is a block diagram schematically illustrating an
example of electronic systems including a semiconductor
device according to example embodiments of the inventive
concept.

It should be noted that these figures are intended to illus-
trate the general characteristics of methods, structure and/or
materials utilized in certain example embodiments and to
supplement the written description provided below. These
drawings are not, however, to scale and may not precisely
reflect the precise structural or performance characteristics of
any given embodiment, and should not be interpreted as
defining or limiting the range of values or properties encom-
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passed by example embodiments. For example, the relative
thicknesses and positioning of molecules, layers, regions and/
or structural elements may be reduced or exaggerated for
clarity. The use of similar or identical reference numbers in
the various drawings is intended to indicate the presence of a
similar or identical element or feature.

DETAILED DESCRIPTION

Example embodiments of the inventive concepts will now
be described more fully with reference to the accompanying
drawings, in which example embodiments are shown.
Example embodiments of the inventive concepts may, how-
ever, be embodied in many different forms and should not be
construed as being limited to the embodiments set forth
herein; rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully
convey the concept of example embodiments to those of
ordinary skill in the art. In the drawings, the thicknesses of
layers and regions are exaggerated for clarity. Like reference
numerals in the drawings denote like elements, and thus their
description will be omitted.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, it can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. Like numbers indicate like elements through-
out. As used herein the term “and/or” includes any and all
combinations of one or more of the associated listed items.
Other words used to describe the relationship between ele-
ments or layers should be interpreted in a like fashion (e.g.,
“between” versus “directly between,” “adjacent” versus
“directly adjacent,” “on” versus “directly on”).

It will be understood that, although the terms “first”, “sec-
ond”, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another element, component, region, layer or section. Thus, a
first element, component, region, layer or section discussed
below could be termed a second element, component, region,
layer or section without departing from the teachings of
example embodiments.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein for
ease of description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments. As used herein, the singu-
lar forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises”,
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“comprising”, “includes” and/or “including,” if used herein,
specify the presence of stated features, integers, steps, opera-
tions, elements and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components and/or groups
thereof.

Example embodiments of the inventive concepts are
described herein with reference to cross-sectional illustra-
tions that are schematic illustrations of idealized embodi-
ments (and intermediate structures) of example embodi-
ments. As such, variations from the shapes of the illustrations
as a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, example embodiments
of'the inventive concepts should not be construed as limited to
the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from
manufacturing. For example, an implanted region illustrated
as a rectangle may have rounded or curved features and/or a
gradient of implant concentration at its edges rather than a
binary change from implanted to non-implanted region. Like-
wise, a buried region formed by implantation may result in
some implantation in the region between the buried region
and the surface through which the implantation takes place.
Thus, the regions illustrated in the figures are schematic in
nature and their shapes are not intended to illustrate the actual
shape of a region of a device and are not intended to limit the
scope of example embodiments.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which example embodiments of the inventive concepts
belong. It will be further understood that terms, such as those
defined in commonly-used dictionaries, should be interpreted
as having a meaning that is consistent with their meaning in
the context of the relevant art and will not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein.

FIG. 1 is a schematic diagram illustrating a magnetic
memory device 100 according to example embodiments of
the inventive concept.

Referring to FIG. 1, the magnetic memory device 100 may
be, for example, a spin-torque-transfer magnetic random
access memory (STT-MRAM) device. The magnetic
memory device 100 may include a bit line BL, a source line
SL, and a magnetic memory cell MC connecting the bit line
BL to the source line SL in series. The magnetic memory cell
MC may include a magnetic tunnel junction (MTJ) 50 and a
selection device such as a selection transistor ST connected in
series with respect to each other. The selection device may be
configured to selectively control an electric current passing
through the MTJ. For example, the selection device may also
be a diode, a pnp bipolar transistor, an npn bipolar transistor,
an NMOS field effect transistor (FET), or a PMOS FET.

A gate electrode of the selection transistor ST may be
connected to a word line WL crossing the bit line BL.. Further,
one terminal (for example, first source/drain region) of the
selection transistor ST may be connected to the source line
SL, and other terminal (for example, second source region/
drain region) may be connected to the MTJ 50. The MTJ 50
may include a fixed layer 52, a free layer 56, and a tunnel
barrier 54 interposed therebetween. The fixed layer 52 of the
MT]J 50 may be configured to have a fixed magnetization
direction. Furthermore, in example embodiments, the fixed
layer 52 may be configured in such a way that a direction of a
magnetization easy axis thereof is perpendicular or in-plane.

The free layer 56 of the M'TJ 50 may be configured to have
a varying magnetization direction depending on an exter-
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nally-applied condition. In example embodiments, the free
layer 56 may also be configured in such a way that a direction
of a magnetization easy axis thereof is perpendicular or in-
plane. The resistance of the MTJ 50 may vary depending on
the magnetization direction of the free layer 56. For example,
when the free and fixed layers 56 and 52, respectively, have
magnetization directions parallel to each other, the magnetic
tunnel junction 50 may have a low resistance, corresponding
to a logic ‘0’ state. When the free and fixed layers 56 and 52,
respectively, have magnetization directions antiparallel to
each other, the MTJ 50 may have a high resistance, corre-
sponding to a logic data ‘1°. An operation of changing the
magnetization direction of the free layer 56 (or of writing the
magnetic memory device 100) may be achieved by applying
a voltage capable of turning-on the selection transistor ST to
the word line WL and by applying a writing current between
the bit line BL and the source line SL. In this case, electrons
constituting the writing current may switch the magnetization
direction of the free layer 56 through the spin-transfer-torque
(STT) mechanism, and the switching direction may be con-
trolled by a flowing direction of the writing current.

FIG. 2A is a plan view illustrating a portion of a cell array
of a magnetic memory device 200 according to example
embodiments of the inventive concept. FIGS. 2B, 2C, and 2D
are cross-sectional views taken along dotted lines A-A', B-B',
and C-C', respectively, of FIG. 2A.

Referring to FIGS. 2A through 2D, unit magnetic memory
cells MC may be two-dimensionally arranged in rows and
columns. Here, the rows may be substantially parallel to a first
direction D1, and the columns may be substantially parallel to
a second direction D2 or substantially perpendicular to the
first direction D1. For example, field insulating layers or
device isolation layers 12 may be formed on a semiconductor
substrate 10 to define line-shaped active regions AR. The
active regions AR may be arranged side-by-side in the second
direction D2, and each of them may extend substantially
parallel to the first direction D1. The active regions AR may
be arranged equidistant from each other. The field insulating
layers 12 may also be arranged side-by-side in the second
direction D2, and each of them may extend substantially
parallel to the first direction D1. The field insulating layers 12
and the active regions AR may be alternately arranged in the
second direction D2. The semiconductor substrate 10 may be
one of, for example, a silicon wafer, a germanium wafer, or a
silicon-germanium wafer. The field insulating layers 12 may
be a trench-type field isolation structure and include at least
one of oxide, nitride, and/or oxynitride.

Isolation gate electrodes IG may be provided in gate
trenches 14, respectively, which are formed to cross the active
regions AR and the field insulating layers 12. Due to the
presence of the isolation gate electrodes IG, each of the active
regions AR may be divided into a plurality of active portions
CR. For example, each active portion CR may be delimited by
a pair of adjacent isolation gate electrodes IG and a pair of
adjacent field insulating layers 12.

The isolation gate electrodes IG may be arranged side-by-
side in the first direction D1, and each of them may extend
substantially parallel to the second direction D2. The active
portions CR may be arranged to form a plurality of rows
substantially parallel to the first direction D1 and a plurality of
columns substantially parallel to the second direction D2. In
other words, the active portions CR may be two-dimension-
ally arranged in rows and columns on the semiconductor
substrate 10. When the magnetic memory device 200 is oper-
ated, the active portions CR may be electrically isolated from
each other by the isolation gate electrodes IG. For example,
when the magnetic memory device 200 is operated, an isola-
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tion voltage may be applied to the isolation gate electrodes IG
to prevent an undesired inversion region from being created in
aportion of the semiconductor substrate 10 located below the
isolation gate electrode IG. For example, by applying the
isolation voltage, it is possible to substantially prevent the
undesired channel region from being formed below the iso-
lation gate electrodes IG. Accordingly, the active portions CR
can be electrically isolated from each other. For example, if
the active regions AR are doped with p-type impurities, a
ground or negative voltage may be applied to the isolation
gate electrode 1G to isolate the active portions CR electrically
from each other.

The word lines WL may be substantially parallel to the
second direction D2 to cross the active portions CR. Further,
the word lines WL may be substantially parallel to the isola-
tion gate electrodes 1G to cross the field insulating layers 12
located between the active portions CR. In example embodi-
ments, a pair of word lines WL may be provided between the
pair of adjacent isolation gate electrodes IG. Each word line
WL may include or be a cell gate electrode 20, which may be
provided in the gate trench 14. For example, the word lines
WL may be connected to the cell gate electrodes 20, which are
disposed in the gate trenches 14, respectively, and may serve
as interconnection lines extending along the second direction
D2. The cell gate electrode 20 may be provided in the form of
a buried gate electrode provided in the substrate 10. The
isolation gate electrode IG and the word line WL may be
interconnection lines buried in the substrate 10 and the field
insulating layers 12. A gate insulating layer 18 may be inter-
posed between the cell gate electrode 20 and sidewalls of the
gate trench 14. Further, the gate insulating layer 18 may be
interposed between the isolation gate electrode IG and the
sidewalls of the gate trench 14. The gate insulating layer 18
may include at least one of oxide, nitride, oxynitride, and/or
high-k dielectric materials. The isolation gate electrode 1G
and the cell gate electrode 20 may include the same conduc-
tive material. For example, the isolation gate electrode 1G and
the cell gate electrode 20 may include at least one of metals
(e.g., tungsten (W), titanium (T1), and tantalum (Ta)), metal
nitrides (e.g., tungsten nitride (WN), titanium nitride (TiN),
and tantalum nitride (TaN)), or metal silicides (e.g., cobalt
silicide (CoSi) and nickel silicide (NiSi)).

Theisolation gate electrodes IG and the cell gate electrodes
20 may have top surfaces that are lower than that of the active
portion CR. Capping insulating layers 22 may be provided on
the isolation gate electrodes IG and the cell gate electrodes
20, respectively. The capping insulating layers 22 may have
top surfaces that are substantially coplanar with those of the
active portions CR adjacent thereto. The capping insulating
layers 22 may include at least one of oxide, nitride, and/or
oxynitride.

A first source/drain region 24 and second source/drain
regions 26 may be provided in each of the active portions CR
positioned between the pair of adjacent isolation gate elec-
trodes 1G. For example, in each active portion CR, a single
first source/drain region 24 may be formed between a pair of
adjacent cell gate electrodes 20. A pair of second source/drain
regions 26 may be provided on both edges of each active
portion CR. For example, the pair of adjacent cell gate elec-
trodes 20 and the first source/drain region 24 interposed ther-
ebetween may be disposed between the pair of adjacent sec-
ond source/drain regions 26. In other words, one ofthe second
source/drain regions 26 may be provided in one side or edge
of'the active portion CR positioned between the isolation and
cell gate electrodes 1G and 20, and the other of the second
source/drain regions 26 may be provided in the other side or
edge of the active portion CR positioned between the cell and
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isolation gate electrodes 20 and IG. A pair of second source/
drain regions 26 may be provided adjacent to opposite side
surfaces of each isolation gate electrode IG. The first and
second source/drain regions 24 and 26 may be doped with
impurities (e.g., of n-type). In other words, each of the active
portions CR may include a pair of second source/drain
regions 26 and the first source/drain region 24, which is singly
provided therebetween and spaced apart therefrom. As shown
in FIG. 2A, when viewed in plan view, each of the pairs of cell
gate electrodes 20 may be disposed between a corresponding
pair of second source/drain regions 26, and the first source/
drain region 24 may be disposed between a corresponding
pair of cell gate electrodes 20.

In each of the active portions CR, the pair of cell gate
electrodes 20, the first source/drain region 24, and the pair of
second source/drain regions 26 may constitute a pair of tran-
sistors. The first source/drain region 24 may be shared by the
pair of transistors. Each of the transistors formed on the active
portions CR may serve as the selection transistor ST consti-
tuting the magnetic memory cell MC of FIG. 1.

The source lines SI. may be provided on the substrate 10
and be connected to the first source/drain regions 24 of the
active portions CR, respectively. For example, each of the
source lines SI. may connect the first source/drain regions 24,
which are arranged along the second direction D2, to each
other. The source lines SL. may be arranged side-by-side in the
first direction D1, and each of them may extend substantially
parallel to the second direction D2. The source lines SL. may
be substantially parallel to the isolation and cell gate elec-
trodes 1G and 20. Each of the source lines SL may be shared
by a pair of magnetic memory cells MC.

A first insulating layer 28 may be provided on the substrate
10. The source lines SL. may be provided in the first insulating
layer 28. Top surfaces of the source lines SL may be substan-
tially coplanar with that of the first insulating layer 28.

A second insulating layer 32 may be provided on the first
insulating layer 28 and the source lines SL. The first and
second insulating layer 28 and 32 may include at least one of
oxide, nitride, and/or oxynitride or other suitable insulating
materials.

Contact plugs 34 may sequentially penetrate the second
and first insulating layer 32 and 28. Here, the contact plugs 34
may be electrically connected to the second source/drain
regions 26, respectively. The contact plugs 34 may be coupled
to the second source/drain regions 26 of the active portions
CR, respectively, which are arranged in rows and columns. In
other words, the contact plugs 34 may be arranged in rows and
columns, when viewed in plan view. For example, as shown in
FIGS. 2B and 2C, each pair of contact plugs 34 may be
arranged symmetrically with respect to a corresponding iso-
lation gate electrode IG.

Between a pair of adjacent source lines SL, a plurality of
pairs of contact plugs 34 may be arranged along the second
direction D2. Each pair of contact plugs 34 may be disposed
between a pair of word lines WL to have, for example, mirror
symmetry with respect to the isolation gate electrode IG.
Further, the contact plugs 34 may be arranged symmetrically
with respect to the source line SL. A distance between a pair
of'adjacent contact plugs 34, which are positioned adjacent to
a specific one of the source line SL, may be equal to or larger
than a sum of widths of a pair of word lines WL and the source
line SL. The source line SL. and the contact plug 34 may
include at least one of metals (e.g., tungsten (W), titanium
(Ti), tantalum (Ta), and copper (Cu)), conductive metal
nitrides (e.g., tungsten nitride (WN), titanium nitride (TiN),
and tantalum nitride (TaN)), or metal silicides (e.g., cobalt
silicide (CoSi) and nickel silicide (NiSi)).
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Lower electrodes 40 may be provided on the second insu-
lating layer 32 and be connected to the contact plug 34. The
lower electrodes 40 may be electrically connected to the
second source/drain regions 26 of the active portions CR,
respectively, through the contact plugs 34. The lower elec-
trodes 40 may be two-dimensionally arranged along the first
and second directions or in rows and columns. A pair of lower
electrodes 40 may be provided on each of the active portions
CR. In example embodiments, each lower electrode 40 may
include a portion located between the isolation gate electrode
IG and the source line SL and thereby overlap the active
portion CR when viewed in plan view. The lower electrodes
40 may be arranged to form a plurality of rows substantially
parallel to the first direction D1 and a plurality of columns
substantially parallel to the second direction D2. Each of the
lower electrodes 40 may include a vertical portion 40q and a
horizontal portion 405. According to an arrangement of the
vertical and horizontal portions 40a and 405, the lower elec-
trodes 40 may be classified into two types: a first type 40A1
(as shown in FIG. 2B) and a second type 40A2 (as shown in
FIG. 2C). For example, the first type lower electrode 40A1
may have an ‘[.’-shaped section, while the second type lower
electrode 40A2 may have a laterally inverted ‘L’- or ‘|-
shaped section. Each of the lower electrodes 40A1,40A2 may
be shaped like a tetragon, when viewed in plan view. For
example, each lower electrode 40 may have a substantially
rectangular shape, when viewed in plan view.

FIG. 3A is a plan view and FIG. 3B is a perspective view
illustrating an example of the first-type lower electrode 40A1
of FIG. 2B. Referring to FIGS. 3A and 3B, in the first-type
lower electrode 40A1, the vertical and horizontal portions
40a and 405 may be provided in such a way that the first-type
lower electrode 40A1 can have the ‘[’-shaped section. For
example, a length L. of the first-type lower electrode 40A1
may be about 1.2-2.5 times of a width W thereof. In the
first-type lower electrode 40 A1, the vertical portion 40a may
have the thickness T and the horizontal portion 405 may have
a first thickness T1. The vertical portion 40a may have a top
surface 40au higher than a top surface 40bu of the horizontal
portion 405. For example, the vertical portion 40a may be
thicker, by a second thickness T2 equal to T-T1, than the
horizontal portion 4056. The horizontal portion 406 may be
provided in such a way that the first thickness T1 thereof
ranges from about V4 to about ¥4 times of the thickness (e.g.,
T) of the vertical portion 40a.

In some embodiments, the vertical portion 40a may be an
upwardly extending region that is provided at a left side of the
horizontal portion 405. The top surface 40au of the vertical
portion 40a may be shaped like a polygon, such as one having
at least two parallel sides and at least one side arranged at an
angle with respect to the two parallel sides or the first direc-
tion D1. For example, the top surface 40au of the vertical
portion 40a may be shaped like a reversed trapezoid including
two parallel sides and a side arranged at an angle with respect
to the parallel sides. The trapezoid may thereby have an
increasing width in the second direction D2 when viewed in
plan view. For example, in the first-type lower electrode
40A1, the top surface 40au of the vertical portion 40a may
include a first side 40a1, parallel to a width direction W of the
first-type lower electrode 40A1, two sides (e.g., a second side
4042 and a third side 404a3), substantially parallel to the
length direction L of the first-type lower electrode 40A1, and
a fourth side 4044, substantially parallel to a diagonal direc-
tion or a third direction D3. Here, the third direction D3 may
be at an angle to the first direction D1 or the length direction
L of the first-type lower electrode 40A1. The first to fourth
sides 4041 to 40a4 may be connected to each other and the
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first side 40a1 may be substantially perpendicular to the sec-
ond and third sides 4042 and 40a3. The width direction W
may be substantially parallel to the second direction D2, and
the length direction L. may be substantially parallel to the first
direction D1.

In some embodiments, at least two of the sides may be
curvedly connected in such a way that the top surface 40au of
the vertical portion 40a can have at least one rounded corner.

The fourth side 40a4 may be slanted at an angle 6 of, for
example, between about 40 to about 80 degrees to the length
direction L or the first direction D1 of the first-type lower
electrode 40 A1. In the top surface 40au of the vertical portion
40a, a length [.1 of the second side 4042 (e.g., a bottom side
of' the reversed trapezoid) may be shorter than a length 1.2 of
the third side 4043 (e.g., a top side of the reversed trapezoid).
Inthe top surface 40au of the vertical portion 40a, a length [.3
of'the fourth side 4024 may be longer than the length L1 of the
second side 4042 and be shorter or longer than the length 1.2
of'the third side 40a3. Further, in the vertical portion 40a, the
fourth side 40a4 may be positioned at a boundary between the
vertical and horizontal portions 40a and 4056 to cross the
first-type lower electrode 40A1.

As a result, the fourth side 40a4 of the vertical portion 40a
may include lower and upper sidewalls, which are respec-
tively covered with and exposed by the horizontal portion
405. Thicknesses of the upper and lower sidewalls of the
fourth side 40a4 may be a second thickness T2 and a first
thickness T1, respectively. The lower sidewall of the fourth
side 40a4 may be vertically coplanar with the upper sidewall
thereof. In example embodiments, the vertical and horizontal
portions 40a and 405 may be integrally connected to each
other to constitute a single pattern (i.e., the first-type lower
electrode 40A1). For example, the lower sidewall of the
fourth side 40a4 may have substantially the same chemical
and physical properties as an internal region of the lower
electrode 40A1, and thus, the lower sidewall of the fourth side
4004 may not exhibit any interfacial property.

The top surface 40bu of the horizontal portion 405 may
have the same or similar shape as the top surface 40au of the
vertical portion 40a. For example, the top surface 405u of the
horizontal portion 406 and the top surface 40au of the vertical
portion 40a may have rotational symmetry of 180 degrees.
When viewed in plan view, the top surface 40bu of the hori-
zontal portion 405 may be shaped like a trapezoid including
two parallel sides and at least one side arranged at an angle
with respect to the parallel sides (or the first direction D1) and
may thereby have a decreasing width in the second direction
D2. For example, in the first-type lower electrode 40A1, the
top surface 405u of the horizontal portion 406 may include a
first side 4051, substantially parallel to the width direction W
of the first-type lower electrode 40A1, two sides (e.g., a
second side 4052 and a third side 40563), substantially parallel
to the length direction L of the first-type lower electrode
40A1, and a fourth side 4054, substantially parallel the diago-
nal direction or the third direction D3, where the diagonal
direction or the third direction D3 may be at an acute angle ©'
of, for example, about 40 to about 80 degrees with respect to
the length direction L of the first-type lower electrode 40A1
or the first direction D1. Further, a length [.2' of the third side
4053 (i.e., a bottom side of the trapezoid) may be longer than
a length L1' of the second side 40562 (i.e., a top side of the
trapezoid). In the first-type lower electrode 40A1, an area of
the top surface 40bu of the horizontal portion 406 may be
substantially equal to or different from that of the top surface
40au of the vertical portion 40a.

FIG. 3C is a plan view and FIG. 3D is a perspective view
illustrating an example of a second-type lower electrode
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40A2 of FIG. 2C. Referring to FIGS. 3C and 3C, in a second-
type lower electrode 40A2 of FIG. 2C, the vertical and hori-
zontal portions 40a and 405 may be provided in such a way
that the second-type lower electrode 40A2 may have the
laterally inverted ‘L’- or *|’-shaped section. The second-type
lower electrode 40A2 may be formed to have a length L
greater than a width W. For example, the length L. of the
second-type lower electrode 40A2 may be about 1.2-2.5
times of the width W thereof. In the second-type lower elec-
trode 40A2, the vertical portion 40a may be formed to have a
thickness T and the horizontal portion 405 may be formed to
have a first thickness T1. The vertical portion 40a may have a
top surface 40qu that is located higher than a top surface 405u
of the horizontal portion 405. For example, the vertical por-
tion 40a may be thicker, by a second thickness T2 equal to
T-T1, than the horizontal portion 405. The horizontal portion
405 may be provided in such a way that the first thickness T1
thereof ranges from about 4 to about %4 times of the thickness
(e.g., T) of the vertical portion 40a.

In the second-type lower electrode 40A2, the vertical por-
tion 40a may be provided at a right side of the horizontal
portion 404. In the second-type lower electrode 40A2, the top
surface 40au of the vertical portion 40a may be shaped like a
polygon including at least two parallel sides and at least one
side at an angle with respect to them or the first direction D1.
When viewed in plan view, the top surface 40au of the vertical
portion 40a may be shaped like a trapezoid including two
parallel sides and at least one side at an angle to them or the
first direction D1 and thereby having a decreasing width in the
second direction D2. The second-type lower electrode 40A2
may have a shape that is the same as would be obtained by
rotating the first-type lower electrode 40A1 (described with
reference to FIGS. 3A and 3B) by 180 degrees. In other
words, the first and second-type lower electrodes 40A1, 40A2
may have rotational symmetry with respect to each other. For
example, the top surface 40au of the vertical portion 40a of
the second-type lower electrode 40 A2 may have substantially
the same or similar shape as the top surface 40bu of the
horizontal portion 405 of the first-type lower electrode 40A1
of FIGS. 3A and 3B, and the top surface 405« of the horizon-
tal portion 405 of the second-type lower electrode 40A2 may
have substantially the same or similar shape as the top surface
40au of the vertical portion 40qa of the first-type lower elec-
trode 40A1 of FIGS. 3A and 3B. For example, in the second-
type lower electrode 40A2, the top surface 40au of the verti-
cal portion 40a may include a first side 40al, substantially
parallel to a width direction W of the second-type lower
electrode 40A2, two parallel sides (e.g., second and third
sides 4042 and 4043), substantially parallel to the length
direction L of the second-type lower electrode 40A2, and a
fourth side 4004, which is substantially parallel to the diago-
nal direction or the third direction D3. Here, the third direc-
tion D3 may be at an angle with respect to the first direction
D1 or the length direction L. of the lower electrode 40A2. The
fourth side 40a4 may be slanted at an angle 6 of, for example,
about 40 to about 80 degrees with respect to the length direc-
tion LL of the second-type lower electrode 40A2 or the first
direction D1. The first to fourth sides 40a1 to 40a4 may be
connected to each other and the first side 40a1 may be sub-
stantially perpendicular to the second and third sides 4042
and 4043. The width direction W may be substantially paral-
lel to the second direction D2, and the length direction L. may
be substantially parallel to the first direction D1. In some
embodiments, at least two of the sides may be curvedly con-
nected in such a way that the top surface 40au of the vertical
portion 40a can have at least one rounded corner.



US 9,406,873 B2

11

In the top surface 40au of the vertical portion 40a, a length
L1 of the second side 4042 (e.g., a top side of the trapezoid)
may be shorter than a length 1.2 of the third side 4043 (e.g., a
bottom side of the trapezoid). In the top surface 40au of the
vertical portion 40a, a length L3 of the fourth side 40a4 may
be longer than the length .1 of the second side 4042 and may
be shorter or longer than the length .2 of the third side 40a3.
Further, in the vertical portion 40a, the fourth side 40a4 may
be positioned at a boundary between the vertical and horizon-
tal portions 40a and 4054 to cross the second-type lower elec-
trode 40A2. As a result, the fourth side 40a4 of the vertical
portion 40a may include lower and upper sidewalls, which are
covered with and exposed by the horizontal portion 405. The
lower sidewall of the fourth side 4044 may be vertically
coplanar with the upper sidewall thereof. Thicknesses of the
upper and lower sidewalls of the fourth side 40a4 may be a
second thickness T2 and a first thickness T1, respectively. In
example embodiments, the vertical and horizontal portions
40a and 405 may constitute a single pattern (i.e., the second-
type lower electrode 40A2) continuously connected to each
other. For example, the lower sidewall of the fourth side 40a4
may have substantially the same chemical and physical prop-
erties as an internal region of the lower electrode 40A2, and
thus, the lower sidewall of the fourth side 4044 may not
exhibit any interfacial property.

In the second-type lower electrode 40A2, the top surface
40bu of the horizontal portion 405 may have substantially the
same or similar shape as the top surface 40au of the vertical
portion 40a. For example, the top surface 40bu of the hori-
zontal portion 405 and the top surface 40au of the vertical
portion 40a may have rotational symmetry of 180 degrees.
When viewed in plan view, the top surface 40bu of the hori-
zontal portion 405 may be shaped like a reversed trapezoid
including, for example, two parallel sides and at least one side
at an angle to them or the bit line B, and having an increasing
width in the second direction D2. For example, in the second-
type lower electrode 40A2, the top surface 40bu of the hori-
zontal portion 405 may include a first side 4051, which is
substantially parallel to the width direction W of the second-
type lower electrode 40A2, two sides (e.g., second and third
sides 4052 and 40563), which are substantially parallel to the
length direction L of the second-type lower electrode 40A2,
and a fourth side 4054, which is substantially parallel the
diagonal direction or the third direction D3, where the diago-
nal direction or the third direction D3 may be at an acute angle
0' of, for example, about 40 to about 80 degrees with respect
to the length direction L of the second-type lower electrode
40A2 or the first direction D1. Further, a length [.1' of the
second side 4052 (i.e., a bottom side of the reversed trap-
ezoid) may be shorter than a length [.2' of the third side 40563
(i.e., a top side of the reversed trapezoid). In the second-type
lower electrode 40A2, an area of the top surface 40bu of the
horizontal portion 406 may be equal to or different from that
of the top surface 40au of the vertical portion 40a.

In example embodiments, the first-type lower electrode
40A1 may have substantially the same thickness T and sub-
stantially the same width W as the second-type lower elec-
trode 40A2. Further, in the first- and second-type lower elec-
trodes 40A1, 40A2, the horizontal portions 405 may have
substantially the same thickness, and the top surface 40au of
the vertical portions 40a may have substantially the same
area.

FIG. 4A is a plan view illustrating a modified example of
the first-type lower electrode 40A1 of FIG. 2B. Referring to
FIG. 4A, a first-type lower electrode 140A1 may have an
‘L’-shaped section, and have a length [ and a width W. The
first-type lower electrode 140A1 may include a vertical por-
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tion 140¢ having a pentagonal top surface 140aqu. For
example, when viewed in plan view, the pentagonal top sur-
face 140au of the vertical portion 140a may include two sides
14042 and 140a3, which are substantially parallel to the
length direction L of the first-type lower electrode 140, two
sides 140a4 and 14045, which are substantially parallel to a
diagonal direction, and a side 14041, which is substantially
parallel to the width direction W of the first-type lower elec-
trode 140. The diagonal or third direction D3 may be slanted
at an acute angle 0 of, for example, about 40 to about 80
degrees with respect to the length direction L of the first-type
lower electrode 140A1 or the first direction D1, and in some
embodiments, the sides 140a4 and 14045 substantially par-
allel to the diagonal or third direction D3 may be substantially
parallel to each other. The first to fifth sides 140a1 to 14045
may be connected to each other, and the first side 140a1 may
be substantially perpendicular to the second side 140a2. The
width direction W may be substantially parallel to the second
direction D2, and the length direction [ may be substantially
parallel to the first direction D1. In some embodiments, at
least two of the sides 14041 to 140a5 may be curvedly con-
nected in such a way that the top surface 140au of the vertical
portion 140a can have at least one rounded corner.

The first side 14041 of the top surface 140au of the vertical
portion 140a may have a width W1 shorter than the width W
of the first-type lower electrode 140A1. A length .2 of the
third side 14043 of the top surface 140au of the vertical
portion 140a may be shorter than the length [.2 of the third
side 4043 ofthe top surface 40au of the vertical portion 40a of
the first-type lower electrode 40A1 described with reference
to FIGS. 3A and 3B. A horizontal portion 1405 may include
a region 1405z adjacent to the fifth side 14045 of the top
surface 140au of the vertical portion 140a. The region 1405¢
may have a triangle shape.

FIG. 4B is a plan view illustrating a modified example of
the second-type lower electrode 40A2 of FIG. 2C. Referring
to FIG. 4B, a second-type lower electrode 140A2 may have a
laterally inverted ‘L’- or ¢ |’-shaped section and have a length
L and a width W. The second-type lower electrode 140A2
may include a vertical portion 140a having a pentagonal top
surface 140au. For example, when viewed in plan view, the
pentagonal top surface 140au of the vertical portion 140a
may include two sides 14042 and 14043, which are substan-
tially parallel to the length direction L. of the second-type
lower electrode 140A2, two sides 140a4 and 14045, which
are substantially parallel to a diagonal direction, and a side
140a1, which is substantially parallel to the width direction
W of'the second-type lower electrode 140A2. The diagonal or
third direction D3 may be slanted at an acute angle 6 of, for
example, about 40 to about 80 degrees with respect to the
length direction L of the second-type lower electrode 140A2
or the first direction D1, and in some embodiments, the sides
140a4 and 14045 substantially parallel to the diagonal or
third direction D3 may be substantially parallel to each other.
The first to fifth sides 14041 to 140a5 may be connected to
each other and the first side 140a1 may be substantially per-
pendicular to the second side 140a2. The width direction W
may be parallel to the second direction D2, and the length
direction [ may be parallel to the first direction D1. In some
embodiments, at least two of the sides 14041 to 14045 may be
curvedly connected in such a way that the top surface 140au
of the vertical portion 140a can have at least one rounded
corner.

The first side 14041 of the top surface 140au of the vertical
portion 140a may have a width W1 shorter than the width W
of'the second-type lower electrode 140A2. A length [.2 ofthe
third side 14043 of the top surface 140au of the vertical
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portion 140a may be shorter than the length 1.2 of the third
side 4043 ofthe top surface 40au of the vertical portion 40a of
the second-type lower electrode 40A2 described with refer-
ence to FIGS. 3C and 3D. The horizontal portion 1405 of the
second-type lower electrode 140A2 may include a region
14041 adjacent to the fifth side 14045 of the top surface 140au
of the vertical portion 140a.

Referring back to FIGS. 2A through 2D, the first-type
lower electrodes 40 A1 may constitute a plurality of first lower
electrode groups G1 arranged along the second direction D2,
and the second-type lower electrodes 40A2 may constitute a
plurality of second lower electrode groups G2 arranged along
the second direction D2. Each of the first lower electrode
groups G1 may include the first-type lower electrodes 40A1
arranged in a row along the first direction D1, and each of the
second lower electrode groups G2 may include the second-
type lower electrodes 40A2 arranged in a row along the first
direction D1. According to the above-described embodi-
ments, each of the first lower electrode groups G1 may have
the ‘[’-shaped section and the polygonal top surface 40au
including two parallel sides and at least one side at an angle to
them or the first direction D1, while each of the second lower
electrode groups G2 may have a laterally inverted ‘L’- or
¢ |’-shaped section and the polygonal top surface 40au includ-
ing two parallel sides and one side at an angle to them or the
first direction D1. In example embodiments, the first and
second lower electrode groups G1 and G2 may be alternately
arranged in the second direction D2. For example, one second
lower electrode group G2 may be provided between a pair of
adjacent first lower electrode groups G1, and one first lower
electrode group G1 may be provided between a pair of adja-
cent second lower electrode groups G2. The first-type and the
second-type lower electrodes 40A1, 40A2 may include a
conductive material. For example, the lower electrodes 40A1,
40A2 may include at least one of a metal (e.g., tungsten (W),
titanium (T1), and/or tantalum Ta)), a metal nitride (e.g., tung-
sten nitride (WN), titanium nitride (TiN), and/or tantalum
nitride (TaN)), a metal carbide (e.g., titanium carbide (TiC)),
and/or a metal silicide (e.g., cobalt silicide (CoSi), nickel
silicide (NiSi), and/or titanium silicide (TiS1)).

A third insulating layer 42 may be provided on the second
insulating layer 32 to fill gaps between the lower electrodes
40A1 and/or 40A2. The third insulating layer 42 may be
provided to cover a side surface of the lower electrode 40A1
and/or 40A2 (for example, side and top surfaces of the hori-
zontal portion 406 and a side surface of the vertical portion
40a). The top surface 40au of the vertical portion 40a may be
exposed through the third insulating layer 42. The third insu-
lating layer 42 may have a top surface substantially coplanar
with the top surface 40qu of the vertical portion 40a.

The MTJ 50, as a data storage element, may be connected
to the lower electrode 40A1 or 40A2. For example, the MTJ
50 may be provided on the third insulating layer 42 and be
electrically connected to the vertical portion 40a of the lower
electrode 40A1 or 40A2. The MTJ 50 may be electrically
connected the second source/drain region 26. The MTIs 50
may be two-dimensionally arranged along the first and sec-
ond directions D1 and D2 or in rows and columns. A pair of
MT1Js 50 may be provided on each of the active portions CR.
The MTJ 50 may include, for example, the fixed layer 52, the
free layer 56, and the tunnel barrier 54 interposed therebe-
tween. The fixed layer 52 and the free layer 56 of the MTJ 50
may include at least one ferromagnetic material exhibiting a
perpendicular or in-plane magnetization property. The tunnel
barrier 54 may include at least one of magnesium oxide,
titanium oxide, aluminum oxide, magnesium zinc oxide, or
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magnesium boron oxide. Operations of the MTJ 50 may be
the same as those described with reference to FIG. 1.

On the free layers 56 of the MTIs 50, upper electrodes 60
may be e in contact with the MTJs 50, respectively. In some
embodiments, the upper electrode 60 may include substan-
tially the same material as that for the lower electrode 40A1,
40A2, but example embodiments of the inventive concepts
may not be limited thereto.

The MTJ 50 may have an outer sidewall extending slant-
edly from a top of the free layer 56 to a bottom of the fixed
layer 52. For example, the MTJ 50 may be a cylindrical
structure, whose outer sidewall is slanted at an angle with
respect to the top surface of the substrate 10. A bottom width
of'the fixed layer 52 may be greater than a top width of the free
layer 56. In example embodiments, the upper electrode 60
and the MTJ 50 may be patterned simultaneously by the same
process. As the result of the above described shape of the
lower electrode 40A1, 40A2, it is possible to substantially
reduce an exposed area of the vertical portion 40a, when the
patterning process is performed to form the MTJ 50, making
it possible to suppress the lower electrode 40A1, 40A2 from
being unintentionally etched, for example, during the pattern-
ing process. Accordingly, it is possible to suppress an etch
residue from being produced from the lower electrode 40A1,
40A2 and thereby to prevent a conductive bridge from being
formed between adjacent MTJs 50 or the adjacent lower
electrodes 40A1, 40A2. Furthermore, since the etch residue
originated from the lower electrode 40A1, 40A2 can be sub-
stantially prevented from being deposited on the sidewall of
the MTJ 50, a short circuit can be prevented between the free
layer 56 and the fixed layer 52. Accordingly, reliability of the
magnetic memory device 200 can be improved.

A fourth insulating layer 62 may be provided on the third
insulating layer 42. The fourth insulating layer 62 may cover
side surfaces of the MTJs 50 and the upper electrodes 60. In
example embodiments, the fourth insulating layer 62 may
have a top surface, which may be substantially coplanar with
the top surfaces of the upper electrodes 60. Each or both of the
third and fourth insulating layers 42 and 62 may include
oxide, nitride, and/or oxynitride.

The bit lines BL. may be provided on the fourth insulating
layer 62 to connect the upper electrodes 60 to each other. The
bit lines BLL may be arranged side-by-side in the second
direction D2. For example, the bit lines BL. may be arranged
equidistant from each other. Each of the bit lines BL. may
extend substantially parallel to the first direction D1.

Each of the bit lines BL. may be electrically connected to a
plurality of the MTJs 50 constituting each row. When viewed
in plan view, the bit lines BL. may be overlapped with the
active regions AR. The bit lines Bl may include at least one
conductive material. For example, the bit lines BLL may
include one of tungsten (W), aluminum (Al), and/or copper
(Cu). Hereinafter, relative positional relationships between
the contact plug 34, the lower electrode 40A1, 40A2, and the
MT]J 50 of the magnetic memory cell MC will be described.

FIG. 5 is a plan view schematically illustrating MTJ
devices MD, which are arranged to have, for example, a 4x4
matrix structure, in a region M of FIG. 2A. Here, each of
magnetic tunnel junction (MTJ) devices MD may be a struc-
ture including a contact plug 34, a lower electrode 40A1,
40A2, and a MTJ 50.

Referring to FIGS. 2A and 5, MTJ devices MD may be
two-dimensionally arranged along the first and second direc-
tions D1 and D2 or in rows and columns. For example, some
of the MTJ devices MD may be arranged to form four rows
MDR1, MDR2, MDR3, and MDR4 and four columns
MDC1, MDC2, MDC3, and MDC4. The rows MDR1 to
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MDR4 may be substantially parallel to the direction of the bit
line BL,, and the columns MDC1 to MDC4 may be substan-
tially parallel to the direction of the word line WL. For
example, each of the rows of the MTJ devices MD may be
associated with or disposed below a corresponding one of the
bit lines BL, and each of the columns of the MTJ devices MD
may be associated with or disposed on a corresponding one of
the word lines WL. The MTJ devices MD may be two-dimen-
sionally disposed between the bit lines BL. and the word lines
WL. MT1J devices MD11, MD12, MD13, and MD14 may be
arranged in the first row MDR1, MTJ devices MD21, MD22,
MD23, and MD24 may be arranged in the second row MDR2,
MT]J devices MD31, MD32, MD33, and MD34 may be
arranged in the third row MDR3, and MTJ devices MD41,
MD42, MD43, and MD44 may be arranged in the fourth row
MDRA4. Further, the MTJ devices MD11, MD21, MD31, and
MD41 may be arranged in the first column MDC1, the MTJ
devices MD12, MD22, MD32, and MD42 may be arranged in
the second column MDC2, the MTJ devices MD13, MD23,
MD33, and MD43 may be arranged in the third column
MDC3, and the MTJ devices MD14, MD24, MD34, and
MD44 may be arranged in the fourth column MDC4. The
lower electrodes 40, which are included in adjacent ones of
the columns and adjacent ones of the rows, may be spaced
apart from each other. In some embodiments, the space S
between the adjacent lower electrodes 40 may be substan-
tially constant, regardless of the position under consideration.
The space S between the adjacent lower electrodes 40A1,
40A2 may be the same as, for example, the width W of the
lower electrode 40A1, 40A2. In some embodiments, the
space S between the lower electrodes 40A1, 40A2 may cor-
respond to a critical dimension of the device or a minimum
feature size (i.e., 1F). The vertical portions 40a of the lower
electrodes 40A1, 40A2 arranged adjacent to each other in the
same column may be spaced apart from each other in the row
direction. In some embodiments, a pair of adjacent lower
electrodes 40 in the same row may be arranged in such a way
that the space S1 between the vertical portions 40a thereof
may be substantially constant, regardless of the position
under consideration. The space Si may be greater than the
space S between the lower electrodes 40A1, 40A2. The lower
electrodes 40A1, 40A2 in the same column may be arranged
in such a way that the top surfaces 40au of a pair of adjacent
vertical portions 40a thereof can have rotational symmetry.
Here, a reference point of the rotational symmetry may be
selected as a point located between the pair of adjacent lower
electrodes 40 under consideration. For example, the reference
point for the rotational symmetry may be positioned on a line
that crosses centers of the lower electrodes 40. Accordingly,
the lower electrodes 40 in the same column can be arranged
without any overlapped portion. For example, the vertical
portions 40a of the lower electrodes 40A1, 40A2 may be
arranged in a zigzag manner along the second direction D2.
Further, in the same column, the vertical portions 40a of the
lower electrodes 40A1, 40A2 arranged in every other row
may have top surfaces 40au positioned along substantially the
same line. In other words, the configuration of the vertical
portions 40a of the first-type and second-type lower elec-
trodes 40A1, 40 A2 form an alternating and repeating pattern,
respectively, with vertical portions 40a of first-type lower
electrodes 40A1 (arranged in alternating rows) being located
along one line, and vertical portions 40a of second-type lower
electrodes 40A2 (arranged in alternating rows other than the
first-type lower electrodes 40A1) being located along a dif-
ferent line.

For example, in odd-numbered rows (for example, the first
and third rows MDR1 and MDR3), each of the MTJ devices
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MD may include the first-type lower electrode 40A1 having
the reversed trapezoidal top surface 40qu. The reversed trap-
ezoidal top surface 40qu may include the first side 40a1,
which is substantially parallel to the second direction D2, the
second and third sides 40a2 and 4043, which are substantially
parallel to the first direction D1, and the fourth side 40a4,
which is substantially parallel to the diagonal or third direc-
tion D3. The third side 40a3 may be longer than the second
side 4042. Accordingly, when viewed in plan view, the
reversed trapezoidal top surface 40au may have an increasing
width in the second direction D2. The lower electrodes 40A1
having the reversed trapezoidal top surface 40au may be
arranged in the first direction D1. The third direction D3 may
be arranged at an angle 6 of between about 40 to about 80
degrees with respect to the first direction D1. In other words,
the fourth side 4044 may be slanted at the angle 6 (for
example, of about 40 to about 80 degrees) to the first direction
D1 or a longitudinal direction of the bit line BL. In some
embodiments, at least two of the sides may be curvedly con-
nected in such a way that the top surface 40au of the vertical
portion 40a can have at least one rounded corner.

In even-numbered rows (for example, the second and
fourth rows MDR2 and MDR4), each of the MTJ devices MD
may include the second-type lower electrode 40 A2 having the
trapezoidal top surface 40au. The trapezoidal top surface
40au may include the first side 40a1, which is substantially
parallel to the second direction D2, the second and third sides
4042 and 4043, which are substantially parallel to the first
direction D1, and the fourth side 40a4, which is substantially
parallel to the diagonal or third direction D3. The third side
4043 may be longer than the second side 40a2. Accordingly,
when viewed in plan view, the trapezoidal top surface 40au
may have a decreasing width in the second direction D2. The
lower electrodes 40A2 having the trapezoidal top surfaces
40au may be arranged in the first direction D1. The third
direction D3 may be at an angle 8' of about 40 to about 80
degrees with respect to the first direction D1. In other words,
the fourth side 40a4 may be slanted at the angle 8' (for
example, of about 40 to about 80 degrees) to the first direction
D1 or a longitudinal direction of the bit line BL. In some
embodiments, at least two of the sides may be curvedly con-
nected in such a way that the top surface 40au of the vertical
portion 40a can have at least one rounded corner.

The first- and second-type lower electrodes 40A1 and
40A2, respectively, may be alternately disposed in the second
direction D2. In example embodiments, when viewed in plan
view, each of the vertical portions 40a of the first-type lower
electrodes 40A1 disposed below odd-numbered ones of the
bit lines BL (e.g., BL (1), BL (3)) may have a center portion
overlapped with a corresponding one of the odd-numbered
ones of the word lines WL (e.g., WL (1), WL (3)), and each of
the vertical portions 40a of the second-type lower electrodes
40A2 disposed below even-numbered ones of the bit lines BL.
(e.g., BL (2), BL (4)) may have a center portion spaced apart
from the odd-numbered ones of the word lines WL (e.g.,
WL(1), WL(3)). Similarly, each of the vertical portions 40a of
the second-type lower electrodes 40A2 disposed below even-
numbered ones of the bit lines BL. may have a center portion
overlapped with a corresponding one of the even-numbered
ones of the word lines WL, and each of the vertical portions
40a of the first-type lower electrodes 40 disposed below odd-
numbered ones of the bit lines BL. may have a center portion
spaced apart from the even-numbered ones of the word lines
WL.

When viewed in plan view, as shown in FIG. 3A, the
centers C1 or C2 of each of the vertical and horizontal por-
tions 40a and 405, respectively, may be located at an inter-
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section of corresponding center lines CL.1 and CL.2 or CL3
and CL4, respectively, which connect centers of opposite
sides of the vertical portion 40a or horizontal portion 405.
Referring back to FIGS. 2A and 5, in some embodiments,
when viewed in plan view, the first-type lower electrodes
40A1 disposed below the odd-numbered ones of the bit lines
BL may be disposed in such a way that the centers of the
vertical portions 40a of the first-type lower electrodes 40A1
are overlapped with the odd-numbered ones of the word lines
WL, and that the centers of the horizontal portions 405 of the
first-type lower electrodes 40A1 are overlapped with the
even-numbered ones of word lines WL. Further, the second-
type lower electrodes 40A2 disposed below the even-num-
bered ones of the bit lines BL. may be disposed in such a way
that the centers of the horizontal portions 405 of the second-
type lower electrodes 40A2 are overlapped with the odd-
numbered ones of the word lines WL, and that the centers of
the vertical portions 40a of the second-type lower electrodes
40A2 are overlapped with the even-numbered ones of word
lines WL.

In some other embodiments, the lower electrodes 40A1,
40A2 may be grouped into a plurality of groups G1, G2, each
group having fourth sides 40a4 positioned along a same
diagonal line. For example, when viewed in plan view, the
lower electrodes 40A1, 40A2 of each group G1, G2 may be
provided on different ones of the word lines WL and below
different even- or odd-numbered ones of the bit lines BL.

The contact plugs 34 may be two-dimensionally arranged
in the first and second directions D1 and D2 or in rows and
columns. The contact plug 34 may be coupled to the vertical
portion 40a or the horizontal portion 405 of the lower elec-
trode 40A1, 40A2. The vertical and horizontal portions 40a
and 405 coupled to the contact plugs 34 may be alternately
arranged in the first and second directions D1 and D2 to form
a plurality of rows and a plurality of columns.

For example, a pair of contact plugs 34 on the first row
MDR1 may be disposed spaced apart from each other at both
sides of the isolation gate electrode IG and be connected to the
horizontal portion 405 of the first-type lower electrode 40A1
(e.g., of the MTJ device MD11) on the first column MDC1
and to the vertical portion 40a of'the first-type lower electrode
40A1 (e.g., of the MTJ device MD12) on the second column
MDC2, respectively. A pair of contact plugs 34 on the second
row MDR2 (See, for example, FIGS. 2A and 5) may be
disposed spaced apart from each other at both sides of the
isolation gate electrode IG and be connected to the vertical
portion 40q of the second-type lower electrode 40A2 (e.g., of
the MTJ device MD21) on the first column MDC1 and to the
horizontal portion 406 of the second-type lower electrode
40A2 (e.g., of the MTJ device MD22) on the second column
MDC?2. Accordingly, pairs of contact plugs 34 may be dis-
posed between a pair of word lines WL to constitute first and
second columns substantially parallel to the second direction
D2. The contact plugs 34 constituting the first column may be
alternately connected to the horizontal portions 4056 of the
first-type lower electrodes 40 A1 and the vertical portions 40a
of the second-type lower electrodes 40A2, and the contact
plugs 34 constituting the second column may be alternately
connected to the vertical portions 40a of the first-type lower
electrodes 40A1 and the horizontal portions 406 of the sec-
ond-type lower electrodes 40A2.

The MTJs 50 may be two-dimensionally arranged along
the first and second directions D1 and D2 or in rows or
columns. The MTJs 50 may be connected to the vertical
portions 40a of the lower electrodes 40, respectively. For
example, the MTJs 50 may be overlapped with the top sur-
faces of the lower electrodes 40A1, 40A2 or the top surfaces
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of'the vertical portions 40a. In other words, the MTJs 50 may
be disposed to have a zigzag arrangement in the second direc-
tion D2 or the longitudinal direction of the word line WL. For
example, centers of the MTJs 50 constituting the same col-
umn (for example, centers C33 and C43 of the MTIs 50 of the
MT1J devices MD33 and MD43) may be offset or spaced apart
from each other by a specific distance Dc, when measured in
the first direction D1. Further, when viewed in plan view, the
MTIJs 50 in each row may be arranged on the same line.
Accordingly, it is possible to increase an interval between the
MT1Is 50 (for example, a space dm1 between adjacent ones in
the same column, and a space dm2 between adjacent ones in
the same row). This makes it possible to increase an integra-
tion density of the magnetic memory device 200. Sizes of the
MT1Js 50 or a design rule of the magnetic memory device 200
may be adjusted to substantially prevent a short circuit from
being created between the adjacent MTJs 50 and improve the
reliability of the magnetic memory device 200. When viewed
in plan view, the MTJs 50 may be disposed in such a way that
they are alternately overlapped with the contact plugs 34 in
rows and columns.

A method of fabricating the magnetic memory device 200,
according to some embodiments of the inventive concept,
will be described below.

FIGS. 6 A through 10A are plan views illustrating a method
of fabricating the magnetic memory device 200, according to
some embodiments of the inventive concept. FIGS. 6B and
7B are cross-sectional views taken along dotted lines A-A' or
B-B'of FIGS. 6A and 7A, respectively, and FIGS. 6C and 7C
are cross-sectional views taken along dotted lines C-C' of
FIGS. 6A and 7A, respectively. Further, FIGS. 8B through
10B are cross-sectional views taken along dotted lines dotted
lines A-A' of FIGS. 8A through 10A, respectively, and FIGS.
8C through 10C are cross-sectional views taken along dotted
lines B-B' of FIGS. 8A through 10A, respectively. FIGS. 8D
through 10D are cross-sectional views taken along lines C-C'
of FIGS. 8A through 10A, respectively.

Referring to FIGS. 6A through 6C, field insulating layers
12 may be formed on a semiconductor substrate 10 to define
line-shaped active regions AR substantially parallel to a first
direction D1. The field insulating layers 12 and the active
regions AR may be patterned to form gate trenches 14 extend-
ing along a second direction D2 or substantially perpendicu-
lar to the first direction D1.

A gate insulating layer 18 may be formed on the gate
trenches 14. Thereafter, a conductive layer may be formed to
fill the gate trenches 14, and then, be recessed to form cell gate
electrodes 20 and isolation gates 1G. Each of the cell gate
electrodes 20 may constitute the word line WL extending
substantially parallel to the second direction D2. Each of the
active regions AR may be divided into a plurality of the active
portions CR by the isolation gate electrodes IG. Next, capping
insulating layers 22 may be formed on the cell and isolation
gate electrodes 20 and IG to fill the remaining spaces of the
gate trenches 14. The capping insulating layers 22 may be
formed to have planarized top surfaces.

Dopants (e.g., of n-type) may be injected into the active
portions CR using the capping insulating layers 22 as a mask,
and thus, first and second source/drain regions 24 and 26 may
be formed in the active portions CR.

A first insulating layer 28 may be formed on the semicon-
ductor substrate 10. Source lines SL substantially parallel to
the second direction D2 may be formed in the first insulating
layer 28. The source lines SL. may be connected to the first
source/drain regions 24. A second insulating layer 32 may be
formed on the first insulating layer 28, and then, contact plugs
34 may be formed to penetrate the second and first insulating
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layers 32 and 28. The contact plugs 34 may be connected to
the second source/drain regions 26, respectively.

Referring to FIGS. 7A through 7C, a conductive layer may
be formed on the second insulating layer 32 provided with the
contact plugs 34 and then, be patterned to form preliminary
lower electrodes 38.

The preliminary lower electrodes 38 may be connected to
the contact plugs 34. When viewed in plan view, the prelimi-
nary lower electrodes 38 may be regularly arranged in the first
and second directions D1 and D2, and pairs of preliminary
lower electrodes 38 may be symmetrically arranged with the
isolation gate electrodes IG interposed therebetween. Each of
the preliminary lower electrodes 38 may be formed on the
active portion CR and, when viewed in plan view, may be
shaped like a tetragonal pattern overlapped with the second
source/drain region 26 and the word line WL (or the cell gate
electrode 20). For example, the preliminary lower electrode
38 may be a pattern, having a length, width, and thickness L,
W, and T, respectively. The length L of the preliminary lower
electrode 38 may be longer by about 1.2 to about 2.5 times
than the width W, but example embodiments of the inventive
concepts may not be limited thereto. Here, the length [ may
be a dimension measured parallel to the first direction D1, and
the width W may be a dimension measured parallel to the
second direction D2. The preliminary lower electrodes 38
may be spaced apart from each other by a specific space S, for
example, in the first and second directions D1 and D2, and be
two-dimensionally arranged in rows and columns. For
example, the space S between the preliminary lower elec-
trodes 38 may be substantially equal to the width W of the
preliminary lower electrode 38. Alternatively, the space S
between the preliminary lower electrodes 38 may be a mini-
mum feature size or 1F.

Referring to FIGS. 8A through 8D, the lower electrode
mask BM may be formed on the second insulating layer 32
provided with the preliminary lower electrode 38. The lower
electrode mask BM may be a pattern extending along the third
direction D3, which is at an angle of, for example, about 40
about 80 degrees, to the first direction D1. A width of the
lower electrode mask BM may be, for example, about 1.2 to
about 2 times of the width W of the preliminary lower elec-
trode 38, but example embodiments of the inventive concepts
may not be limited thereto. Since the lower electrode mask
BM is formed substantially parallel to the third direction D3,
the lower electrode mask BM may partially cover the prelimi-
nary lower electrodes 38.

For example, the lower electrode mask BM may cover
either left or right portions of the preliminary lower electrodes
38 arranged in the same row. Further, the lower electrode
mask BM may alternately expose or cover the left and right
portions of the preliminary lower electrodes 38 arranged in
the same column. For example, the lower electrode mask BM
may be formed to cover left top and side surfaces of the
preliminary lower electrodes 38 constituting a specific row, as
shown in FIG. 8B, and right top and side surfaces of the
preliminary lower electrodes 38 constituting an adjacent row,
as shown in FIG. 8C. When viewed along a specific cross-
section taken along line C-C', which is parallel to the column,
the lower electrode mask BM may be formed to expose a
portion of some of the preliminary lower electrodes 38
arranged in the same column and cover portions of the others,
as shown in FIG. 8D. The lower electrode mask BM may be
formed of, for example, a spin-on-hardmask (SOH) layer. In
example embodiments, the SOH layer may be a hydrocarbon-
based insulating layer.

Referring to FIGS. 9A through 9D, the preliminary lower
electrodes 38 may be etched using the lower electrode mask
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BM as an etch mask to form the lower electrodes 40, and then,
the lower electrode mask BM may be removed. During the
etching, the exposed portions of the preliminary lower elec-
trodes 38 may be etched to form a lower electrode 40A1,
40A2 by removing a second thickness T2 of the preliminary
lower electrodes 38 such that the resulting lower electrodes
40A1, 40A2 has a first thickness T1. In some embodiments,
the first thickness T1 may range from about ¥4 to about ¥4 of
the thickness T of the lower electrode 40A1, 40A2. Accord-
ingly, each of the lower electrodes 40A1, 40A2 may be
formed to include the horizontal and vertical portions 405 and
40a, whose thicknesses are the first thickness T1 and the
thickness T, respectively. In other words, each of the lower
electrodes 40A1, 40A2 may be formed to have an ‘I”’-shaped
section or a laterally inverted ‘L’- or ‘ |’-shaped section and to
have a polygonal top surface including at least two parallel
sides and a side at an angle relative to the parallel sides. The
lower electrodes 40A1, 40A2 may be formed to have the
structures and arrangement exemplified and described with
reference to FIG. 2A through FIG. 5.

Referring to FIGS. 10A through 10D, the third insulating
layer 42 may be formed on the second insulating layer 32 and,
then, be planarized to cover the horizontal portions 4056 of the
lower electrodes 40 and to expose the vertical portions 40a.
The MTJs 50 may be formed on the third insulating layer 42
to be connected to the vertical portions 40a of the lower
electrodes 40, respectively. In some embodiments, the upper
electrodes 60 may be formed on the MTlIs 50, respectively.
For example, a fixed layer, a tunnel barrier layer, a free layer,
and a conductive upper electrode layer may be sequentially
formed on the third insulating layer 42, and then, be patterned
to form the MTJs 50, each of which includes the fixed layer
52, tunnel barrier 54, and the free layer 56, and the upper
electrodes 60. The patterning step may be performed in such
away thatthe MTJs 50 are connected to the top surfaces of the
lower electrodes 40 (e.g., the top surfaces of the vertical
portions 40a), respectively. In other embodiments, a conduc-
tive layer may be additionally formed between the lower
electrodes 40 and the fixed layers 52. Each or both of the fixed
layer 52 and the free layer 56 may include at least one ferro-
magnetic material exhibiting a perpendicular or in-plane
magnetization property. The tunnel barrier 54 may include at
least one of magnesium oxide, titanium oxide, aluminum
oxide, magnesium zinc oxide, or magnesium boron oxide.

The MTJ 50 may be a tapered cylindrical structure, whose
outer sidewall is slanted at an angle with respect to the top
surface of the substrate 10. For example, the MTJ 50 may be
formed in such a way that a bottom width of the fixed layer 52
is larger than a top width of the free layer 56. The patterning
process for forming the MTJ 50 can be performed while
reducing or minimizing an exposed area of the vertical por-
tion 40a of each lower electrode 40A1, 40A2. Thus, it is
possible to suppress the lower electrode 40A1, 40A2 from
being unintentionally etched. Accordingly, it is possible to
suppress an etch residue from being produced from the lower
electrode 40A1, 40A2 and thereby to prevent a conductive
bridge from being formed between adjacent ones of the MTJ
50 or the lower electrodes 40 thereof. Furthermore, since the
etch residue originated from the lower electrode 40A1, 40A2
can be substantially prevented from being deposited on the
sidewall of the MTJ 50, it is possible to substantially prevent
a short circuit from being created between the free layer 56
and the fixed layer 52. Accordingly, reliability of the magnetic
memory device can be improved.

Thereafter, the fourth insulating layer 62 may be formed on
the third insulating layer 42 and be planarized to fill gap
regions between the MTJs 50 and expose the upper electrodes
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60. At least one of the first to fourth insulating layers 28, 32,
42, and 62 may include oxide, nitride, and/or oxynitride.
Next, as shown in FIGS. 2 A through 2D, the bit lines BL. may
be formed on the fourth insulating layer 62 to connect the
upper electrodes 60 formed in the first direction D1 to each
other. In other embodiments, upper electrode contact plugs
may be additionally formed between the upper electrodes 60
and the bit lines BL.

FIG. 11 is a block diagram schematically illustrating an
example of electronic systems including at least one of mag-
netic memory devices according to example embodiments of
the inventive concept.

Referring to FIG. 11, an electronic system 1000 according
to example embodiments of the inventive concept may
include a controller 1100, an input/output (I/O) unit 1200, a
memory device 1300, an interface unit 1400 and a data bus
1500. At least two of the controller 1100, the I/O unit 1200,
the memory device 1300 and the interface unit 1400 may
communicate with each other through the data bus 1500. The
data bus 1500 may correspond to a path through which elec-
trical signals are transmitted.

The controller 1100 may include at least one of a micro-
processor, a digital signal processor, a microcontroller or
another logic device. The other logic device may have a
similar function to any one of the microprocessor, the digital
signal processor and the microcontroller. The 1/0 unit 1200
may include a keypad, a keyboard or a display unit. The
memory device 1300 may store data and/or commands. The
memory device 1300 may include at least one of the above-
described magnetic memory devices. The interface unit 1400
may transmit electrical data to a communication network or
may receive electrical data from a communication network.
The interface unit 1400 may operate by wireless or cable. For
example, the interface unit 1400 may include an antenna for
wireless communication or a transceiver for cable communi-
cation. Although not shown in the drawings, the electronic
system 1000 may further include at least one of the above-
described magnetic memory devices, a fast DRAM device,
and/or a fast SRAM device that acts as a cache memory for
improving an operation of the controller 1100.

The electronic system 1000 may be applied to a personal
digital assistant (PDA), a portable computer, a web tablet, a
wireless phone, a mobile phone, a digital music player, a
memory card or an electronic product. The electronic product
may receive or transmit information data by wireless.

According to example embodiments of the inventive con-
cept, the magnetic memory device may include the lower
electrodes that are disposed spaced apart from each other by
an allowable minimum space. Accordingly, it is possible to
prevent a short circuit from being established between the
MT]Js and to increase an integration density of the magnetic
memory device.

Further, the lower electrodes may be formed to have an
allowable minimum area, and thus, it is possible to suppress
an etch residue from being produced from the lower electrode
during a patterning process for forming the MTJ. Accord-
ingly, a conductive bridge can be prevented from being
formed between the lower electrodes adjacent to each other,
and in each MTJ, the free layer can be prevented from being
vertically connected to the fixed layer. This makes it possible
to improve reliability of the magnetic memory device.

While example embodiments of the inventive concepts
have been particularly shown and described, it will be under-
stood by one of ordinary skill in the art that variations in form
and detail may be made therein without departing from the
spirit and scope of the attached claims.
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What is claimed is:

1. A magnetic memory device, comprising:

a plurality of word lines;

a plurality of bit lines crossing the word lines;

lower electrodes arranged two-dimensionally below the bit

lines and on the word lines, wherein each of the lower
electrodes comprises vertical and horizontal portions
having different thicknesses from each other;

MT1Js provided on the vertical portions of the lower elec-

trodes, respectively; and

upper electrodes provided on the MTJs, respectively,

wherein the lower electrodes comprises first-type lower

electrodes positioned below odd-numbered ones of the
bit lines and second-type lower electrodes positioned
below even-numbered ones of the bit lines, and

when viewed in plan view, centers of the vertical portions

of the first-type lower electrodes are overlapped with
odd-numbered ones, respectively, of the word lines, and
centers of the vertical portions of the second-type lower
electrodes are spaced apart from the odd-numbered ones
of the word lines.

2. The magnetic memory device of claim 1, wherein, when
viewed in plan view, the centers of the vertical portions of the
second-type lower electrodes are overlapped with even-num-
bered ones, respectively, of the word lines, and the centers of
the vertical portions of the first-type lower electrodes are
spaced apart from the even-numbered ones of the word lines.

3. The magnetic memory device of claim 2, wherein each
of'adjacent pairs of the first- and second-type lower electrodes
are provided to have rotational symmetry with respect to a
point therebetween.

4. The magnetic memory device of claim 2, wherein the
vertical portion of each of the lower electrodes has a top
surface that is higher than that of the horizontal portion of
each of the lower electrodes and includes at least first and
second sides substantially parallel to each other and a third
side at an angle to the first and second sides.

5. The magnetic memory device of claim 4, wherein the
third side is slanted at an angle of between about 40 to about
80 degrees to the bit line.

6. The magnetic memory device of claim 4, wherein all of
the third sides are substantially parallel to each other.

7. The magnetic memory device of claim 4, wherein the
lower electrodes constitute a plurality of groups, which are
grouped in such a way that the third sides of the lower elec-
trodes are arranged along a substantially same diagonal line,
and

when viewed in plan view, each of the groups include the

lower electrodes that are positioned on different ones of
the word lines and below different even-numbered ones
of or different odd-numbered ones of the bit lines.

8. The magnetic memory device of claim 4, further com-
prising contact plugs provided below the lower electrodes,
respectively, and

wherein the contact plugs are arranged to provide first and

second columns substantially parallel to the word line,
between a pair of adjacent word lines.

9. The magnetic memory device of claim 8, wherein the
contact plugs are provided in such a way that ones arranged in
the first column are alternately connected to the horizontal
portions of the first-type lower electrodes and the vertical
portions of the second-type lower electrodes, and that ones
arranged in the second column are alternately connected to
the vertical portions of the first-type lower electrodes and the
horizontal portions of the second-type lower electrodes.

10. The magnetic memory device of claim 2, wherein,
when viewed in plan view, the first-type lower electrodes are
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provided in such a way that centers of the vertical portions
thereof are overlapped with the odd-numbered ones, respec-
tively, of the word lines, and centers of the horizontal portions
thereof are overlapped with the even-numbered ones, respec-
tively, of the word lines.

11. The magnetic memory device of claim 10, wherein,
when viewed in plan view, the second-type lower electrodes
are provided in such a way that centers of the horizontal
portions thereof are overlapped with the odd-numbered ones,
respectively, of the word lines, and centers of the vertical
portions thereof are overlapped with the even-numbered
ones, respectively, of the word lines.

12. The magnetic memory device of claim 1, wherein each
of the MTJs comprises a free layer, a tunnel barrier, and a
fixed layer, and is a tapered cylindrical structure, whose outer
sidewall is slanted at an angle to a top surface of the bit line.

13. The magnetic memory device of claim 1, wherein con-
figuration of the vertical portions of the first-type and second-
type lower electrodes form an alternating and repeating pat-
tern, respectively, with vertical portions of the first-type lower
electrodes arranged in alternating rows being located along
one line, and vertical portions of the second-type lower elec-
trodes arranged in alternating rows other than the first-type
lower electrodes being located along a different line.

#* #* #* #* #*

10

15

20

25

24



